Abstract Microscopic particle-image velocimetry (micro-PIV) measurements are made in the streamwise-wallnormal plane of a 536 lm capillary at Re = 4,500 to study the statistical and structural features of wall turbulence at the microscale. Single-point velocity statistics, including the mean velocity profile, the root-mean-square streamwise and wall-normal velocities, and the Reynolds shear stress profile, agree well with established direct numerical simulations of turbulence in the same geometry at Re = 5,300. This consistency validates the efficacy of micro-PIV as an experimental tool for studying instantaneous, and even turbulent, flow behavior at the microscale. The instantaneous micro-PIV velocity fields reveal spanwise vortices that streamwise-align to form largerscale interfaces that are inclined slightly away from the wall. These observations are entirely consistent with the signatures of hairpin vortices and hairpin vortex packets that are often noted in instantaneous PIV realizations of macroscale wall turbulence. Further, two-point velocity correlations and estimates of the conditionally averaged velocity field given the presence of a spanwise vortex indicate that hairpin structures and their organization into larger-scale vortex packets are statistically significant features of wall turbulence at the microscale.
Introduction
The underlying behavior of fluid flow within microscale geometries has garnered significant attention in recent years due to its occurrence in an abundance of practical applications, from microscale cooling to bioanalyses systems (Gravesen et al. 1993) . Although many microfluidic devices are designed for low Reynolds number (Re) applications (Erickson and Li 2004) , flows at higher Reynolds numbers spanning the transitional and turbulent regimes occur in many applications, including as efficient forms of passive mixing in chemical microreactors (Haswell and Skelton 2000) and heat-transfer enhancement for microelectronics cooling (Tuckerman and Pease 1981) . Several experimental investigations of flow through microchannels have yielded conflicting observations regarding transition to turbulence at these small scales. While the results of some groups indicate an early transition to turbulence at anomalously low Re when compared to macroscale wall-bounded flows (Wu and Little 1983; Peng et al. 1994; Peng and Peterson 1996; Mala and Li 1999, amongst others) , others find that transition at the microscale occurs at a similar Re as at the macroscale (for example, Qu and Mudawar 2002; Judy et al. 2002; Sharp and Adrian 2004) . In this context, it is therefore natural to ask whether there might be unique characteristics of turbulence at the microscale as compared to the macroscale.
Recent studies of wall turbulence at the macroscale reveal that hairpin-like vortices align to form largerscale coherent entities termed vortex packets (for example Smith 1984; Zhou et al. 1999; Adrian et al. 2000b; Ganapathisubramani et al. 2003 , amongst others). The macroscale particle-image velocimetry (PIV) experiments of Adrian et al. (2000b) reveal that the heads of hairpin vortices appear as spanwise vortex cores in the streamwise-wall-normal plane with strong ejections of low-speed fluid observed upstream and below each vortex due to the collective induction of its head and leg(s). This effort also shows that hairpin vortex packets are characterized by an inclined interface formed by the heads of the individual vortices below which exists a region of streamwise momentum deficit formed by the collective induction of the vortices. While the work of Christensen and Adrian (2001) and Marusic (2001) suggests that these structures contribute significantly to the statistics of macroscale wall turbulence, the efforts of Liu et al. (2001) and Ganapathisubramani et al. (2003) establish that these motions dominate turbulent transport in all regions except the very near-wall layer.
Turbulence at the macroscale has been studied experimentally for several decades using various techniques, including hot-wire anemometry, laser-Doppler velocimetry and, most recently, PIV, which all yield measurements over a broad enough dynamic range to resolve the largest and smallest scales of the flow. In contrast, quantitative measurements of transition and turbulence at the microscale have been traditionally limited to bulk flow features, like flow rate and pressure drop along the length of microchannels. However, the recent development of microscopic PIV (Santiago et al. 1998; Meinhart et al. 2000) as a tool for measuring spatial distributions of velocity at the microscale has sparked renewed interest in understanding the detailed physics of complex flow features at the microscale, including transition and turbulence. However, applying the micro-PIV technique to unsteady, and possibly turbulent, flows at the microscale is not without difficulties. For example, micro-PIV utilizes volume illumination of the flow of interest rather than illumination via a light sheet as in macro-PIV. Therefore, the spatial resolution in the depth dimension is defined by the imaging optics rather than the thickness of the illuminating light sheet. As such, particles that are just beyond the depth of focus of the imaging optics appear as noise in the images acquired by micro-PIV (Olsen and Adrian 2000) . Therefore, it has become customary to drastically reduce the particle-seeding density in micro-PIV experiments and utilize ensemble averaging of correlation functions to obtain accurate and well-resolved velocity vector fields (Meinhart et al. 2000) . In this form, however, micro-PIV is inherently limited to the measurement and visualization of steady flows or the mean characteristics of unsteady flows (including periodic flows wherein the measurements can be accurately phase-locked to the periodic flow physics). In contrast, the accurate measurement of instantaneous unsteady and/or turbulent flow physics requires the acquisition of highly resolved, instantaneous velocity fields which demands the use of a relatively high seeding density. The first measurements of transition and turbulence via micro-PIV were reported by Li et al. (2005) and Li and Olsen (2006a) for flow through rectangular PDMS microchannels. They concluded that fully developed turbulent flow was achieved at Reynolds numbers between 2,600 and 2,900 based on the analysis of the streamwise and wall-normal root-mean-square (RMS) velocities and the Reynolds shear stresses. A complementary study by Li and Olsen (2006b) examined large-scale turbulent structures in rectangular PDMS microchannels with varying aspect ratios using spatial correlations of the velocity fluctuations and reported reasonable agreement with macroscale duct flow data for microchannels with square cross-sections.
The current effort documents the statistical and structural features of wall turbulence at the microscale via detailed micro-PIV measurements in a 536 lm diameter capillary at Re " U b D/m = 4,500, where U b is the bulk streamwise velocity, D is the capillary diameter and m is the kinematic viscosity. The statistical and structural features observed in the micro-PIV measurements are compared to a direct numerical simulation (DNS) of turbulent pipe flow at Re = 5,300 (Eggels et al. 1994 ) and conventional PIV measurements in macroscale wall turbulence Adrian 2001, 2002) . These comparisons provide a means of assessing both the efficacy of micro-PIV in measuring the small velocity fluctuations that exist in wall turbulence as well as the similarities and differences between micro-and macroscale wall turbulence.
Experiment
A large ensemble of instantaneous velocity realizations is acquired in the streamwise-wall-normal (x À r) plane of turbulent capillary flow using micro-PIV (Fig. 1a) . The capillaries employed herein are 60 cm long fused silica capillaries coated with polyimide (Polymicro Technologies) with an inner diameter of D = 536 lm, outer diameter of 665 lm and a maximum peak-to-valley inner surface roughness height of 1 nm. The flow of deionized water through the capillary is driven by a syringe pump (Harvard Apparatus, PHD2000) and the measurements are conducted 100D downstream of the capillary entrance, ensuring fully developed turbulence at the measurement location. Optical distortions due to the curvature of the capillary's outer surface are reduced by immersing it in glycerine within a rectangular enclosure (see Fig. 1b ). The desired flow rate is fixed using the syringe pump and the accuracy of this flow rate is verified independently by measuring the time over which a fixed volume of water in the syringe is dispensed.
The pressure drop, Dp, across the capillary length, L, is monitored with a differential pressure transducer (Validyne DP-15-40) and a demodulator (Validyne CD-15), facilitating determination of the wall shear stress, s w , as
Knowledge of s w then yields independent estimates of the friction velocity, u Ã ffiffiffiffiffiffiffiffiffiffi s w =q p ; and the viscous length scale, y * " m/u * . Figure 2 presents a typical temporal trace of pressure drop as a function of time at Re = 4,500. The transient start-up of the system is clear for t < 7 s so acquisition of PIV data is limited to times beyond this transient regime which ensures a mean pressure drop that is stationary during PIV acquisition (The small temporal fluctuations in Dp in Fig. 2 are attributable to turbulence and not any unsteadiness in the syringe pump.). Measurements of the mean pressure drop at Re = 4,500 give u * = 0.62 m/s and y * = 1.6 lm, yielding a friction Reynolds number of Re s " u * R/m = 167. All relevant experimental parameters are summarized in Table 1 .
Instantaneous two-dimensional velocity (u,v) fields are acquired by micro-PIV across the diameter of the capillary, with a field of view of 5.2R · 2R in the streamwise-wall-normal plane passing through the center of the capillary (R is the inner radius of the capillary). The field of view is volume illuminated with a doublepulsed Nd:YAG laser (k = 532 nm, Continuum) that provides approximately 5 mJ/pulse of energy with a pulse width of 5 ns at a rate of 15 Hz. Each beam is directed through an epi-fluorescent filter cube via an entry port located at the rear of the microscope (Olympus BX60) followed by passage through a 10· (NA = 0.30) microscope objective lens that guides the light to the test section. The flow is seeded with 1 lm fluorescent (nile red) particles (Molecular Probes) that have a peak emission at k = 575 lm. The emission from the particles passes through the filter cube while the incident wavelength is blocked, ensuring that only the fluoresced light from the particles is imaged by the 2k · 2k pixel, 12-bit frame-straddle CCD camera. The fluoresced light from the particles associated with each laser pulse is recorded onto separate image frames, facilitating two-frame cross-correlation analysis of the images. The seeding density of the seed particles is optimized to a volume fraction of 0.039% in deionized water by taking into account the depth of correlation due to volume illumination (Dz = 15.2 lm using the methodology of Olsen and Adrian 2000) . The time delay between two successive images in a pair is 700 ns (± 1 ns) which yields bulk particle displacements of 8 pixels and a relative instantaneous velocity measurement error of approximately 1% based on the analysis of Prasad et al. (1992) . Finally, the duration of an experiment is limited by the volume of the fluid dispensed by the syringe. Therefore, to obtain a large ensemble of images, the experiment is repeated multiple times under identical experimental conditions to generate a total of 980 instantaneous realizations that are unaffected by startup transients.
The pairs of PIV images are analyzed using recursive, two-frame cross-correlation methods with 50% overlap to satisfy Nyquist's criterion. The first-pass interrogation is performed with a coarse first interrogation-window size of 56 2 pixels and a bulk window offset of 8 pixels. A larger second window size of 64 2 pixels is also utilized in the first pass to minimize bias errors associated with loss of particle pairs. The first-pass results are then validated with a standard-deviation filter and used to locally offset the interrogation windows in the final interrogation. The final interrogation-window size is chosen to be 32 2 pixels which yields vector grid spacings of Dx = Dr = 11.6 lm in the streamwise and wallnormal directions, respectively [or Dx + = Dr + = 7.25, where (AE) + denotes normalization in inner units with y * ]. Measurements in the range r < 0.087R (r + < 14.5) are not achievable due to unacceptable optical distortions at the edge of the capillary where its curvature is largest. The instantaneous vector fields are then validated using standard deviation and local magnitude difference comparisons to remove erroneous velocity vectors. The few holes (< 2%) generated by this validation process are filled either with alternative velocity choices determined during the interrogation or interpolated in regions where at least 50% of neighbors are present. Each instantaneous vector field is then low-pass filtered with a narrow Gaussian filter to remove any noise associated with frequencies larger than the sampling frequency of the interrogation. It should be noted that ensemble averaging of vector fields, a methodology commonly used in micro-PIV to increase the signal-tonoise ratio of the measurement, is not employed herein since we are interested in the instantaneous kinematics of the flow. As such, these measurements represent a rather strict test of micro-PIV as a tool for studying unsteady and turbulent flows.
Results

Single-point statistics
Single-point velocity statistics are presented first and compared to an existing DNS of turbulence in the same geometry by Eggels et al. (1994) at a comparable Reynolds number (Re = 5,300). The experimental singlepoint statistics are computed by first averaging over the ensemble of 980 realizations followed by averaging in the statistically homogenous streamwise direction. Figure 3a , b presents the measured mean streamwise velocity profile in outer (U/U CL vs. r/R, where U CL is the mean centerline velocity) and inner (U + = U/u * vs. Mean streamwise velocity versus wall-normal position scaled in a outer units (U/U CL vs. r/R) and b inner units (U + = U/u * vs. r + = r/y * ). Experiment filled circle; DNS solid line; laminar profile dashed line r + = r/y * ) scalings, respectively. The mean velocity profile obtained by DNS is presented as a solid line while the theoretical laminar profile is shown for comparison in Fig. 3a as a dashed line. The measured mean streamwise velocity profile shows remarkable agreement with the DNS result in both scalings, indicating that the flow within the capillary is indeed turbulent as both the experiment and DNS results show significant departure from the laminar behavior (Fig. 3a) . The collapse of the experimental and DNS profiles in inner variables also validates the independent estimates of u * and y * via the pressure drop across the capillary length. In addition, the experimental data display logarithmic dependence (U + $ ln (y + )) in inner units, a universal characteristic of canonical macroscale wall-bounded turbulent flows.
As is customary in turbulence analysis, the statistics of the velocity fluctuations are computed by first decomposing the measured instantaneous velocity components into mean and fluctuating terms as 
where u i = (u,v) is the instantaneous total velocity, U i = (U,0) is the mean velocity and u 0 i ¼ ðu 0 ; v 0 Þ represents the instantaneous streamwise and wall-normal velocity fluctuations. The RMS of the streamwise and wall-normal velocities, r u and r v , respectively, and the Reynolds shear stress ðÀhu 0 v 0 iÞ are then computed using the same averaging procedure employed for the mean streamwise velocity. Figure 4a presents the measured streamwise and wall-normal RMS velocities normalized by u * , r u + and r v + , respectively, as a function of r/R. Similar profiles from the DNS data are also presented for comparison. Reasonable agreement between the experimental and DNS data is noted, particularly in the case of r u + where rather good quantitative agreement is observed. However, the measured RMS wall-normal velocity is slightly underpredicted by approximately 10% compared to the DNS result. A portion of this under-estimation is likely associated with depth averaging due to the finite depth of focus of the micro-PIV imaging system. However, it should also be noted that similar deviation has also been observed in r v when macroscale PIV measurements in wall turbulence are contrasted with comparable DNS data (Liu et al. 1991, for example) . Therefore, the discrepancy observed herein may also be attributable to a limitation of PIV itself in resolving these rather small instantaneous wall-normal velocity fluctuations (note that v¢ in this flow can be as much as four times smaller than u¢). Similar under-estimation of r v was also observed by Li and Olsen (2006a) when comparing micro-PIV profiles with macroscale data acquired by hot-wire anemometry. The Reynolds stress profile normalized in inner variables, Àhu 
Instantaneous velocity fields
The single-point statistics measured by micro-PIV are quite similar to those achieved by DNS, indicating that turbulent flow through a capillary of diameter 536 lm is statistically similar to macroscale pipe flow at a similar Re. We now endeavor to contrast the instantaneous flow structures that are commonly observed in macroscale wall turbulence with those noted in the present micro-PIV study. However, in order to accomplish this comparison, the underlying structures must be efficiently visualized in the instantaneous velocity realizations. Galilean decomposition of an instantaneous velocity field via removal of a constant advection velocity reveals vortices that are advecting at this velocity as closed streamline patterns, consistent with the vortex definition offered by Kline and Robinson (1989) . However, while Galilean decomposition is quite suitable for observing the local flow kinematics induced by such structures, one would have to remove many different advection velocities to uncover all embedded vortices. Alternatively, vortical structures in instantaneous turbulent velocity fields can be easily revealed in a Galilean-invariant manner through analysis of the local velocity gradient tensor. Zhou et al. (1999) introduced the concept of swirling strength, k ci , which is the imaginary part of the complex-conjugate eigenvalues of the local velocity gradient tensor. Swirling strength is an unambiguous measure of rotation, is superior to vorticity in that it does not identify regions of intense shear and is non-zero only in the presence of a vortex core (Adrian et al. 2000a ). This methodology is commonly employed in macroscale studies of wall-bounded turbulent flows as a means of assessing its structural characteristics (Christensen fluid away from the wall just below and upstream of each spanwise vortex. These characteristics are entirely consistent with the hairpin vortex signature proposed by Adrian et al. (2000b) for macroscale wall turbulence, indicating that similar hairpin structures exist in wall turbulence at the microscale as well. Further, these spanwise structures appear to align in the streamwise direction, forming an interface inclined slightly away from the wall. A region of significant streamwise momentum deficit is also noted below this interface, likely due to the collective induction of the streamwisealigned vortices. These larger-scale characteristics are quite consistent with the observations of hairpin vortex packets in macroscale wall turbulence (Adrian et al. 2000b; Christensen and Adrian 2001) and represent the first observations of both hairpin-like structures as well the existence of hairpin vortex packets in microscale wall turbulence. Figure 6 presents a second example of an instantaneous, Galilean-decomposed velocity field in turbulent capillary flow measured by micro-PIV with a constant advection velocity of 0.91U CL removed. Several swirling motions are observed in this realization, with clusters of instantaneous k ci appearing often throughout the field of view. The inset to Fig. 6 reveals that the underlying characteristics of these structures (rotational sense and the presence of ejection events) are consistent with the observations noted in Fig. 5 and further support the regular presence of hairpin-like structures and largerscale hairpin vortex packets in microscale wall turbulence. It should be noted that similar structural features are observed in the vast majority of the statistically independent velocity realizations acquired in this effort.
For the purposes of comparison, Fig. 7 presents a representative instantaneous velocity field in the streamwise-wall-normal plane of macroscale turbulent channel flow at Re s = 550 acquired by conventional PIV with an advection velocity of 0.82U CL removed Adrian 2001, 2002) . Contours of instantaneous k ci are presented in the background as well. Five spanwise vortex cores are observed, each of which induces a strong ejection of low-speed fluid away from the wall. These spanwise vortex cores are aligned in the streamwise direction at a shallow angle away from the wall and a large-scale region of relatively lowmomentum fluid is observed beneath the interface formed by the heads of the vortices, consistent with spatial signatures of the hairpin vortex packet model proposed by Adrian et al. (2000b) . These macroscale structural signatures are quite similar to those observed in the insets of Figs. 5 and 6, further supporting the existence of such structures in microscale wall turbulence. In fact, the similarities between micro-and macroscale wall turbulence are so striking that one would not be able to distinguish between the instantaneous microscale velocity fields in the insets of and the instantaneous macroscale velocity field in Fig. 7 without the appropriate figure captions. Finally, it should be noted that the macroscale experiments were performed with a relatively thin light sheet (Dz + = 4.4) that defined the depth of focus of the measurement compared to the present measurements where the depth of focus is twice as large in inner units (Dz + = 9.5) and is defined by the imaging system. Despite this difference, the characteristics of the instantaneous flow physics appear to be relatively unaffected by the depth averaging effect. This observation indicates that the spatial averaging in the measurement plane associated with the finite interrogation-window size may in fact play a more important role in accurately resolving the instantaneous velocity fluctuations in the present experiment.
Two-point correlation functions
Previous efforts by Christensen et al. (2004) and Ganapathisubramani et al. (2005) indicate that hairpin vortex packets leave a distinct imprint in the two-point velocity statistics of macroscale wall turbulence. Given that the streamwise (x) direction of turbulent capillary flow is statistically homogeneous (since the flow is fully developed), the two-point velocity correlation coefficient tensor can be written as
where u 0 i is the ith fluctuating velocity component, Dx represents the spatial separation in the streamwise direction and r i is the RMS of the ith velocity component. A spatial separation in the wall-normal (r) direction is not appropriate in this context since it is statistically inhomogeneous. Therefore, correlations must be calculated for a given wall-normal reference location (r ref ) given all other wall-normal locations (r). The correlation coefficients are computed and averaged over the present micro-PIV velocity ensemble of 980 statistically independent velocity realizations to minimize statistical sampling errors. This methodology of computing two-point correlations is well established in the turbulence literature (see Christensen and Adrian 2001; Christensen et al. 2004; Ganapathisubramani et al. 2005 , for example). Figure 8a , b c presents two-point velocity correlation coefficients, q uu , q vv and q uv , respectively, in turbulent capillary flow for r ref = 0.3R. The two-point correlation of streamwise velocity, q uu , is quite elongated in the streamwise direction and is inclined at a shallow angle relative to the wall. These gross characteristics are strikingly similar to the inclination and streamwise extent of the instantaneous vortex packets presented in Figs. 5 and 6, indicating that such structures leave a definitive imprint in the multi-point statistics of the flow. In contrast, q vv is considerably more compact in the streamwise direction which is indicative of a smallerscale effect, likely the imprint of the individual spanwise vortices. Finally, q uv exhibits both compact behavior near (r x ,y) = (0,y ref ), suggestive of small-scale effects, as well as weaker correlation levels that extend beyond the outer length scale in the streamwise direction. For comparison, Fig. 9 presents q uu , q vv and q uv at y ref = 0.3h computed from the aforementioned macroscale PIV measurements of Adrian (2001, 2002) in turbulent channel flow at Re s = 550. The streamwise elongation and inclination of q uu are qualitatively consistent with that observed at the microscale. (Note that the field of view of the macroscale experiment is considerably shorter in streamwise extent and hence less of the q uu streamwise tail is captured compared to the microscale result.) In addition, the relative compactness of q vv is also consistent between the microscale and macroscale correlations. Note, however, that the velocity gradients present in the microscale flow far exceed those present in the macroscale experiment. As such, this enhanced shear accounts for the higher degree of streamwise elongation noted in q uu , q vv and q uv at the microscale compared to their macroscale counterparts as well as the shallower inclination of q uu at the microscale. Nevertheless, the qualitative consistencies noted in the Adrian 2001, 2002) . Contours of instantaneous k ci are presented in the background two-point correlations further support statistical and structural similarities between wall turbulence at the micro-and macroscales.
Conditionally averaged velocity fields
The average velocity signature of the spanwise vortices identified in turbulent capillary flow is also assessed and contrasted with macroscale observations. The best estimate of the average velocity field associated with a spanwise vortex is the conditional average of the velocity field given a vortex core identified by non-zero k ci : hu 0 i ðx 0 Þjk ci ðxÞi: This averaging methodology was recently employed by Adrian (2001, 2002) to determine the average velocity signature of spanwise vortices in macroscale wall turbulence. Following this work, stochastic estimation is used to estimate the (Adrian et al. 1987) . (The reader is directed to Adrian 1996 for a comprehensive review on linear stochastic estimation and its application to turbulent flows.) Figure 10a presents a zoomed-in view of the estimate of the conditionally averaged velocity field associated with a spanwise vortex core, hu Carlier and Stanislas (2005) . Figure 11 presents a larger field of view of the estimate of hu 0 i ðx 0 Þjk ci ðxÞi: The spanwise vortex and the associated ejection event noted in the zoomed-in view (Fig. 10) are still apparent; however, they are a part of a much larger-scale inclined interface that extends approximately 5R in the streamwise direction. A region of streamwise momentum deficit is observed below this inclined interface, consistent with the instantaneous features noted in Figs. 5 and 6. When the vector lengths are set to unit length to generate a direction field (as done by Christensen and Adrian (2001) since the correlations which form the basis of this estimate are quite small far from the event location), the inclined interface is found to be composed of multiple streamwise-aligned swirling motions (Fig. 11b) . These features are entirely consistent with the behavior of hu 0 i ðx 0 Þjk ci ðxÞi at the macroscale as reported by Christensen and and are interpreted as the statistical imprint of hairpin vortex packets. Therefore, the present capillary results indicate that vortex packets are also a dominant and robust feature of wall turbulence at the microscale.
Summary
The results presented herein suggest strong similarities between wall turbulence at the micro-and macroscales. Single-point statistics computed from a large ensemble of instantaneous, statistically independent velocity fields acquired by micro-PIV in a 536 lm diameter capillary at Re = 4,500 are found to agree quite well with DNS of turbulent pipe flow at a comparable Reynolds number (Eggels et al. 1994) . Of particular interest is the fact that the depth averaging and out-of-focus noise inherent in any micro-PIV measurement due to volume illumination does not appreciably affect the accuracy of the measured turbulent velocity fluctuations. Therefore, micro-PIV is indeed suitable for studying instantaneous, and even turbulent, fluid motion at the microscale. The instantaneous micro-PIV velocity fields reveal spanwise vortices that have a rotational sense consistent with that of the mean shear and each vortex is observed to generate a strong ejection of low-speed fluid away from the wall. These spatial characteristics are entirely consistent with the signature of hairpin vortices that are often observed in wall turbulence at the macroscale. In addition, the instantaneous velocity fields suggest that these vortices commonly form larger-scale hairpin vortex packets with streamwise extents far exceeding the outer length scale of the microscale flow. Further, twopoint velocity correlation coefficients in turbulent capillary flow are found to mimic the qualitative features of similar correlations at the macroscale, strengthening the notion of a statistical consistency between micro-and macroscale wall turbulence. Finally, estimates of the conditionally averaged velocity field given the presence of a spanwise vortex core support the instantaneous observations reported herein and reveal that streamwise alignment of such structures into larger-scale vortex packets is a common and robust feature of wall turbulence at the microscale.
